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Downlink trcnsmit diversity schemes for CDMA 
networks 



J.S.Thompson, P.M.Grcnt cndB.Mulgre^ 

Abstract: Transmit diversity schemes thai have been proposed for the downlink in CDMA networks 
arc discussed. They provide diversity gain against Rayleigh fading at the mobile which can 
significantly improve performance. Theoretical error formulas for convolutional codes are shown to 
be useful in optimising the performance of some of these-techniques.-Performance-results-from-a- 
number of simulation studies are also presented. These can be used to determine the strengths and 
weaknesses of the algorithms and their effect on a typical CDMA network. The effects of Rician 
fading and fast downlink power control on transmit diversity are discussed. 
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viewed as a specific case of space-time coding, which is 
discussed and analysed in [7]. None of these techniques 
involve the transmitter requiring access to information 
about the downlink channel condition. Alternatively, it is 
possible to exploit a feedback path from the mobile to the 
base-station to adjust the transmitter waveforms. Analysis 
of such techniques may be found in [81 TD schemes in 
general have also been analysed from an information theo- 
retic point of view and the results of this work may be 
found in [9] and the references therein. 

Transmit diversity can be compared with soft handoff 
[3], which is a macro-diversity technique. Soft handoff pro- 
vides diversity gain to all mobiles in the handoff area and 
also reduces the downlink shadow margin, since the 
shadow fading processes observed from the different base 
stations are usually partially decorrelated. Unlike soft 
handoff, TD is unable to reduce the shadow margin, 
because it is not a macro-diversity technique. However, TD 
does provide diversity gain to all mobiles in the network, 
whereas the effectiveness of soft handoff is limited to those 
mobiles which observe multiple pilot signals of comparable 
strength. In addition, soft handoff uses up resources at 
multiple base stations, which can become a limiting factor 
on system capacity. 

2 Chcnnei end receiver model 

A single-user transmission is considered on the downlink of 
an IS-95 based system. This choice has been made for rea- 
sons of simplicity. However, a number of the TD schemes 
discussed here have been proposed for use in 3G CDMA 
systems, such as cdma2000 [10] or UTRA [111 Many of 
these schemes cannot be applied directly to existing IS-95 
systems without altering the IS-95 standards specifications. 
However, the performance comparisons that are obtained 
here should also apply to 3G CDMA systems, except for 
small differences due to the coding scheme, interleaver 
structure, etc. 

In this Section, only the parts of the transmitter 
necessary for simulation are described. For full details of 
the IS-95 base station transmitter, see [12]. The user's base- 
band binary data d(t) is first encoded using a rate r = 1/2, 
constraint length K c = 9 convolutional code, whose genera- 
tors are octal 753 and 561. The coded output of one frame 



1 Introduction 

Recently, cellular networks basal on code division multiple 
access (CDMA) technology have been deployed across the 
world, particularly in America and Asia (for more details 
see [1]). CDMA systems offer a number of advantages, 
such as universal frequency reuse, soft handoff on both 
links and the ability to trade voice quality for increased 
capacity. However, some form of power control is usually 
required on both links to minimise multiple access interfer- 
ence (MAI) between different users in the system. 

Early analyses of CDMA networks based on the IS-95 
standard, e.g. [21 suggested that the capacity of such a 
system was limited by that achievable on the uplink. 
However, a number of more recent studies have indicated 
that this is not necessarily the case |3, 4|. One reason for 
this is that dual space diversity is always available on the 
uplink, while on the downlink a slow moving mobile oper- 
ating in a flat Rayleigh fading channel observes little or no 
diversity. Secondly, the update rate of power control is 
significantly higher on the uplink than the downlink. These 
effects can lead to large EJN 0 requirements on the down- 
link. The capacity of the downlink is determined by the 
maximum transmit power available at the cell site, so that 
large EJN$ values will limit capacity. Therefore if the Et/N 0 
requirement of all mobiles can be reduced, the downlink 
capacity will be increased. 

This paper discusses transmit diversity (TD) techniques 
that use two diversity antennas to provide improved 
performance on the downlink. A number of different tech- 
niques have been proposed which provide different means 
for the mobile to exploit the diversity available from the 
transmitters. Delay diversity [5J and phase sweeping [6] 
provide diversity through the creation of a time-selective or 
frequency-selective fading channel. Delay diversity can be 

© IEE, 2000 

IEE Proceedings online no. 20000689 
DOl. 10.1049/ip-com:20000689 

Paper first received 1 si June 1999 and in revised form 6th April 2000 
The authors are with the Signals and Systems Group, Department of 
Electronics and Electrical Engineering, The University of Edinburgh, 
Kings Buildings, Edinburgh EH 9 3JL, UK 



IEE Proc.-Commtoi.. Vol. 147, No. 6, December 2000 



371 



of 192 data bits (384 codeword bits) is then subject to inter- 
leaving to produce the binary sequence c(t). (The last K c - 1 
data bits of the frame are zeros, to ensure that the coder 
returns to the all-zeros state at the frame end.) Fifty frames 
are transmitted per second, so the gross data rate is 
9.6kbit/s. This sequence is then modulated by the user's 
Walsh code wjCO and then by a complex outer spreading 
code p(t). For the purpose of base station identification and 
coherent demodulation, a coherent pilot signal is transmit- 
ted with the the user's signal using Walsh codew 0 (7). 
The transmitted waveform may thus be written as 

x(t) = p(t) [c(t)A t w u (t) + A r iuo(t)]e*J>{j2xfct} 

(1) 

where f c is the carrier frequency, A t is the traffic channel 
amplitude and A p denotes the amplitude of the pilot signal. 
This waveform is transmitted over a multipath channel to 
the desired mobile. The channel may be modelled using an 
L tap delay line, whose impulse response is given by 

L 

i=i 

where hjCO is the /th channel tap coefficient, SCO denotes the 
Dirac delta function and T c is the chip period of the 
spreading sequence /?(7). The received signal at the mobile is 
simply the convolution of a(7) with fc(7). This waveform is 
demodulated to baseband; the result may be written as 

L 

v(t)= X>(0p(*-(*-i)r c ) 

x [A t c(t - (I - l)T c )w u {t - (/ - l)T c ) 
+ A p w 0 (t-(l-l)T c )) + v(t) 

The notation v(/) denotes additive thermal noise. 

The receiver is modelled according to a number of 
assumptions 

(Al) The Gaussian noise process v(7) is spectrally flat over 
the bandwidth of the receiver. 

(A2) The channel coefficients h t (0 vary slowly with time 
with a maximum Doppler rale f D . The RF channel does 
not vary over one symbol period T s , so that/ D « l/T s . 

(A3) The channel coefficients h f (0 are modelled using one 
of two candidate statistical distributions: 

° In most cases, all coefficients h,C0 follow the classical 
Doppler fading model and have a Rayleigh distribution. 
The correlation function of this fading process is R(Ai) - 
J 0 Q-XfcAt), where J 0 {x) is the zero-order Bessel function of 
the first kind. 

° A Rician fading model will also be considered for the 
first received channel tap (7 = 1). The direct path 
component has a Doppler frequency of 0.1f D , so that the 
correlation function becomes R(At) = x^^lxfc/it) + 
x 2 cxpCj\ A7f D Ai). The AT-factor of this distribution is equal 
to the ratio (x^x{). 

(A4) The correlation properties of the spreading code p(/) 
are assumed to be ideal, so that self-noise interference 
between the L multipath components of the traffic and 
pilot channels is neglected here. 

To determine the z'th multipath component for the nth 
codeword bit, the receiver performs the following operation: 

D(L n) = lrj y(r + (n - l)T s + (/ - 1 )T C ) 
o 



x p*{ T + (n - l)r,)« !u (T + (n - 1)TMt 
= A t ht(n)c(n) + n t {v) 

(2) 

The notation p*(7) denotes the complex conjugate of p(0- 
Assumptions (Al) and (A4) mean that interference term 
n/n) consists only of thermal while Gaussian noise of zero 
mean and variance a 2 . Further, it is assumed that A t = 1 
for a single antenna transmitter, so that the SNR of D(l, n) 
depends only on /?,(n) and n f {n). 

To proceed, the receiver must determine the unknown 
channel coefficients hjCn). This is done by measuring the 
pilot signal, i.e. substituting w> 0 (7) in place of w w (7) in eqn. 2 
and re-evaluating the integral. The result, denoted asP(7,n), 
provides the required channel amplitude and phase. It is 
assumed that the pilot amplitude A p is sufficiently large to 
provide a noise-free estimate of the channel. The receiver 
forms a soft decision on the nth codeword bit by maximal 
ratio combining of the L multipath components as follows: 

L 

5(n) = £M{P*(/, «)£>(/,»)} (3) 

The notation 9? denotes the real part of a complex number; 
it is used here because coherent PSK demodulation is 
employed. The soft decisions S(ri) of one frame of data are 
then de-interleaved and passed to a Viterbi decoder. The 
decoder contains the trellis of the convolutional code and it 
determines the most likely transmitted sequence of trans- 
mitted data symbols for that frame. 

2. 1 PerformcnoB bound on oonvolutiond oodes 

The performance of the downlink is assessed in terms of 
the frame error ratio (PER ), where an FER of 1% or less is 
assumed to be satisfactory. (In real CDMA networks, the 
target FER may be increased slightly to increase capacity 
or reduced slightly to improve voice quality. However, this 
will not significantly affect the algorithm comparisons pre- 
sented in this paper.) Each frame contains a cyclic redun- 
dancy check (CRC), which is used to detect whether a 
frame error has occurred. It is assumed that the CRC cor- 
rectly detects all frame errors. A performance bound called 
the 'error probability per node* ([131 section 4.4) indicates 
the likelihood of selecting an incorrect code trellis path at 
each stage of decoding. The FER is then given by the prob- 
ability that at least one node error occurs during the frame. 

The error probability for node k using a rate 1/2 convo- 
lutional code, under the channel assumptions above, is 
given by ^ 

Pe(k)< Y, X>4M0 (4) 

d=dj 7=1 

where the coefficient a d is the number of decoder paths 
with Hamming distanced from the true path (usually taken 
as the all Os path, for simplicity). The scalar d f denotes the 
minimum Hamming distance of the code under considera- 
tion. The function P d {U k) is the probability that for the z'th 
distinct path which diverges at node k with overall Ham- 
ming distance d, the metric of that path is better than the 
all Os path when they merge together again at node J; + /,. 

The function P d CU k) may be evaluated by determining 
the metrics of the two competing paths, summed over the 
2/, codeword bits 

21 i 21, 

Mo - 53 S(n q ) Ah = ^ S(n q )c(u. n g ) 

7—0 q=0 



372 



/EE Proc.-CommuiL, VoL 147, No. 6, December 2000 



where n) denotes the nih (interleaved) codeword bit for 
the ith path. The notation n q is used to indicate the position 
of the <7th codeword bit in the sequence c(n\ after interleav- 
ing. The probability that M 0 < M, is simply given by 

P d (Lk) = Pv{M Q -M i <0} 




The notation n q d denotes the im^lea^^l^non^f'th^trr" 
coded bit in which the two competing paths differ. The 
form of eqn. 5 is equivalent to the probability of error for 
coherent PSK modulation with maximal ratio combining 
of the d differing codeword bits. In the case of Rayleigh 
fading, the value of P d (u k) is given by the standard result 
([141 p. 802) 

(6) 

This result assumes the eigenvalues 7/ are all different. This 
can easily be extended to the case of multiple equal and 
unequal eigenvalues as shown in [151 The quantities y- t are 
the set of all N D non-zero eigenvalues obtained from the L 
size d x d co variance matrices //(/). Using the correlation 
function R(At) defined in assumption (A3), thexth row and 
yth column entry of H(l) is 

H(l) ry =E[li l (ni)hUn1 l )] /a 2 

= £*(K-n;]T.) 

^^Jo^foK-n^T s ) (7) 

The notation p } denotes the mean signal power of the /th 
lap and E[] is the expected value. Equivalent closed-form 
results for P d in the Rician fading case appear to be harder 
to obtain. Two alternatives are to use the Chemoff bound 
[7] or a Gaussian noise channel approximation to Rician 
fading [161 

To facilitate evaluation of eqns. 4 and 6, three simplify- 
ing assumptions are made, the first two following the ideas 
of [171 

(A5) Only the minimum Hamming distance paths, where d 
= d f , are considered in the summation term for P e (denoted 
as method A). For the convolutional code, d f = 12 and 
there are a n = 11 paths with this distance. The effect of 
considering only the shortest minimum distance path (7, = 9 
nodes) will be addressed as well, denoted as method B. 
(A6) To avoid implementing specific details of the code for 
method A or B, it is assumed that the d f differing bits are 
spread uniformly over the path length of 2/, coded bits. 
This means that the matrices [HQ)} are always of size 2/,; 
the resulting eigenvalues )j are scaled by d/llj to obtain the 
correct EJN 0 value in the evaluation of P e . 
(A7) The value of P e has been evaluated for node k - 1 in 
an IS-95 frame. There was found to be negligible difference 
in the results obtained by this approach and by averaging 
the value of P e obtained for all possible nodes* within one 
frame. Even without these simplifying assumptions, this 
bound may be rather loose for the case of fading channels. 



This is because it considers each competing path in isola- 
tion: in practice, when a fade occurs there are likely to be 
many paths with better metrics than the correct all zeros 
path. However, using these amplifications, eqn. 6 provides 
a means to compare the diversity gain provided by different 
realisations of TD schemes, which will be found subse- 
quently to be useful. 

3 Trcnsmit cfversity techniques 

The basic channel model for TD is introduced here. All the 
schemes assume that M - 2 widely spaced diversity anten- 
nas are located at the base station. (It is also possible to 
exploit polarisation diversity.) This number has been cho- 
~sen~since~dual diversity provides a large proportion of the 
gain available from diversity techniques. Using two anten- 
nas also minimises the complexity increase required and 
matches the space diversity configuration typically used on 
the uplink. To provide a fair comparison to a single 
antenna transmitter, A f is reduced from 1 to \N2 for each 
diversity antenna in eqn. 1. This means that the total trans- 
mitter power across all antennas is the same in both cases. 

Both antennas have an L-tap multipaih channel to the 
mobile, whose /th coefficient is denoted as &,,,„(«), m = 1 or 
2. The assumption of large antenna spacing means that 
^[hn, t n\(n)hajn2{n)) = 0, provided that II * 12 or ml * ml. 
This paper considers seven candidate schemes for TD on 
the downlink. Unless otherwise stated, the two antennas 
use two different orthogonal Walsh codes for the pilot 
signals, so that both antennas' channels can be estimated at 
the receiver. Each scheme considers how the model of the 
previous Section, in particular eqns. 2, 3 and 6, are modi- 
fied to model that particular scheme. 
Space time transmit diversity ( STTD) 
STTD is a recently proposed scheme [18] that doubles the 
order of receive diversity for all coded symbols while using 
the same traffic channel Walsh code at both antennas. (An 
alternative scheme, codeword diversity (CWD), uses two 
different traffic channel Walsh codes at the two antennas. 
This latter scheme is more wasteful of Walsh codes than 
STTD. However, if the mobile tracks the L channel taps 
for both Walsh codes, order 21. diversity is again obtained 
for all coded bits. CWD was found to have identical per- 
formance to STTD for all the simulation scenarios consid- 
ered in Section 4.2.) Consider the coded bit pair c(n) and 
c(n + 1). For the nih bit period, the coded bits c(n) and 
-c\n + \Y are transmitted from antennas 1 and 2; at time 
n + 1, dn + 1) and c(ri)* are transmitted. The / mullipath 
components are measured using eqn. 2 as normal. Finally, 
the soft decisions for the nth and (n + l)th coded bits are 
obtained" as 

L 

S(n)= £»{P?(Z,n)I>('.n) 
/=i 

. +a(/j/)d;(/.w + i)} 

L 

S(h + 1)= ^9t{P;(Ln)D(Ln+l) 

-P2(Ln)D*(L r n + l)} 

The notation P x and P 2 denote pilot measurements from 
the two antennas. These equations assume that the channel 
does not change from symbol n to (n + 1). Provided this 
assumption is true, no signal component for c(n + 1) is 
present in S(n) and vice-versa. The effect of STTD is that 
the soft decisions S(n) consist of maximal ratio combining 
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of all 2L channel coefficients [h /tl ] and ih f2 }~ The effect of 
this on eqn. 6 is that each nonzero eigenvalue y } is divided 
by two (due to the transmit power being split between two 
antennas) and its multiplicity doubled. 

Delay diversity ( DD) 

In this scheme the same pilot channel and traffic channel 
Walsh codes are used at both antennas. A time delay of L 
CDMA code chips is applied to the signal x(t) at the 
second antenna to generate an artificial multipath channel 
containing 2L channel taps [51 In principle, the method can 
also provide order 21, diversity for all coded bits. Thus, 
ignoring self-noise, its performance should be the same as 
that for STTD and CWD. However, the multipath channel 
destroys the. orthogonality of Walsh codes for all users in 
the cell. The multiple access interference that is created will 
worsen the performance of DD relative to STTD and 
CWD. 

Orthogonal transmit diversity ( OTD) 

OTD is a technique which bears some similarity to STTD, 
but using a different order of symbol transmission for the 
two antennas (|1()1, p. 51). Al time /?, the coded bits c(ri) 
and c(n + 1) are transmitted; at lime (// + 1), the coded bits 
c(ri) and -dn + 1) are transmitted. This is equivalent to 
using two orthogonal Walsh . codes which have twice the 
period of w u {t). This time, the soft decisions are obtained as 
/. 

S(n) = Yl v i y V {L " 1 l D{L " > + D ^ L » + 1 )1> 
/-i 

L 

5(n + 1) = ^'ff{/^(/,t/)[/W.//)-D(U+l)]} 
/= i 

The nth soft decision consists of the maximal ratio combin- 
ing of the L channel coefficients {/// ,} and the (n + l)th 
decision combines the L coefficients {/? /2 ). To apply OTD 
to the IS-95 downlink, the interleaver structure was modi- 
fied. The normal interleaver (|12t Chapi. 7) operates such 
that all odd codeword bits are sent in the first half of the 
frame and all even bits in the second half. For the OTD 
scheme, the first half of the interleaved frame was sent on 
antenna 1 and the second half on antenna 2. Thus the 
effect of OTD on the channel matrix //(/) is to modify 
eqn. 7 to 

j^Jo(4nf D [i4- »t]T s ) 

H ( l )*y = \ if [n d y - ni] is even 

v 0 otherwise 

(S) 

The extra factor of two present in the argument of 7 0 arises 
from the doubled period of the Walsh codes in this case. It 
is apparent that the diversity condition of each coded bit is 
not improved by OTD; instead diversity gain is provided 
by the convolutional decoder. 

Phase sweeping transmit diversity ( PSTD) 

In this case, the same pilot channel and traffic channel 
Walsh codes are used at both antennas. A time varying 
phase offset term cxp{p.7tf P t) is applied to the second 
antenna's signal before transmission at RF [6]. The mobile 
then observes the sum of the two antennas' signals. The 
phase offset between the two antennas gives rise to a time- 
varying signal at the mobile, even in the case where there is 
no Doppler dispersion (f D = 0). If the mobile assumes a 
carrier frequency of/ c + (f P f2\ the correlation function in 
eqn. 7 is modified to [6] 

H(l) xlJ = Jo ('2tt f D [ti y -n x ]T s ) cos (7T/p[n y ~n x ]T s ) 



Time switched transmit diversity (TSTD) 
In this approach, the base station switches the desired 
user's traffic channel between the two antennas [19] at a 
rate of Sr switches per frame. This time, the value o(H(l) xy 
will be zero, unless the same antenna was active both at 
time n x and In the latter case, the value of the matrix 
entry becomes J^1t^ d [n y - n x JT s ). 

Selective transmit diversity ( STD) 

Unlike the previous methods, STD permits the use of an 
information feedback path from the mobile to base station. 
The mobile monitors the total received power for each 
antenna's pilot signal. The mobile periodically signals on 
the uplink, at a rate of S r bits per frame, which antenna is 
the better one to use for its traffic channel. This informa- 
tion is used by the base station to select the better antenna 
for the given mobile [19J Results exist in the literature [20] 
for P d in the case where the fading channel is constant over 
a frame <f D = 0). However, analysis of the situation where 
fo > 0 is more difficult and is not pursued here. For very 
rapid fading channels, STD may be unable to switch anten- 
nas rapidly enough to track the fading dynamics properly. 
One composite scheme to overcome this drawback would 
employ STD only for mobiles known to be moving slowly; 
faster moving mobiles would use the TSTD scheme instead 
as this requires no feedback from the mobile. 
Pre-RA KE transmission 

A lower bound on the performance of all the foregoing 
techniques is obtained when the base station has perfect 
knowledge of channel coefficients {h lfn (n)}. The mobile 
periodically signals the base station with the channel coeffi- 
cients obtained from each transmit antenna's pilot signal. 
The pre-RAKE technique, which has been proposed for 
time-division duplex systems [21], can then be applied. An 
additional, user-specific pilot Walsh code should then be 
allocated to facilitate the mobile's channel tracking. Each 
antenna convolves the traffic and user-specific pilot chan- 
nels with the time inverse, complex conjugate channel 
weights, before transmission. The receiver simply tracks the 
largest received multipath component, since this is the 
coherent sum of all multipath taps from both antennas. 
This scheme permits a reduction in transmit power equal to 
the array gain, which is M = 2 (3dB), relative to STTD. 
Issues related to vector quantisation schemes for coefficient 
feedback are discussed in [81 

The STTD, OTD, TSTD, STD and pre-RAKE tech- 
niques could be used in 3G CDMA systems, provided that 
the mobile is configured appropriately. However, the DD 
and PSTD schemes could applied to existing IS-95 net- 
works without changing the mobile handset. In the follow- 
ing .Section, the performance of the different techniques is 
compared and the impact on CDMA networks discussed. 

4 Algorithm performance 

This Section investigates the performance of TD techniques 
using both theoretical and simulation results. The simula- 
tor's channel and receiver models operate as described in 
Section 2. The system carrier frequency f c = 1.8GHz in all 
simulations and mobile speeds of 5 or 50km/h are consid- 
ered. The single user case is always assumed with no self- 
noise interference, so that the only disturbance is thermal 
noise. In the results below the total transmit power for the 
desired user's traffic channel is always the same, whether 1 
or 2 transmitter antennas are used. Therefore the receiver 
EjJN 0 level results below are always directly proportional to 
the total transmitter power required by any scheme for a 
given FER. 
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4. / Optimising pcraneters 

We consider ihe carrier offset frequencies//, used in PSTD 
and the maximum antenna switching rateS r for TSTD and 
STD. Results are verified by the IS-95 downlink simulator, 
using a carrier frequency of 1.8GHz. A one-tap Rayleigh 
fading channel is assumed with mobile speeds of 5 or 
50km/h. 

To dciermine the optimum offset frequency for PSTD, 
both theoretical and simulation approaches have been 
used. The node error probability P e has been evaluated for 
Rayleigh fading to determine under what conditions it is 
minimised. In this case, the values of P e for both methods 
A and B (as defined in assumption (A5), Section 2.1) were 
found to be almost identical. The results provide an indica- 
tion of the values of f P required to optimise performance. 
This procedure has then been validated by EJN 0 simula- 
tion results. Fig. \a shows the value of P e for different 
PSTD offset frequencies /> at an EJN 0 of lOdB (this value 
of A;,/A\) was selected as an approximation to the exact 
E t /N 0 values for the two mobile speeds) and Fig. lb shows 
the corresponding required EJN 0 results from simulation. 
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Fig. 1 Optimising PSTD for a one-tap Rayleigh fading channel, with mobile 
speeds of 5 and 50km/f} 
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a Shorten path error probability P r results for an Ef/N 0 of lOdB 
b Corresponding results of required EyN 0 for an FER of 1% 

The results show that the minimum value of P e does pro- 
vide a good indication of the optimum values otf P . For a 
5km/h mobile, selling/,, to aboul 75Hz minimises both the 
value of P e and the required EJNq value lo about 11.5dB. 
Similarly for a 50km/h mobile, setting f F to about 225Hz 
appears to minimise the EJN 0 to about 6.75dB. These 
results show that larger carrier offsets are required for 
faster mobiles than is ihe case for slower mobiles. However, 
Fig. \b shows thai the performance benefit of PSTD is 
much less for 50km/h than for 5km/h. If an excessively 



large carrier offset is selected, very high Doppler shifts will 
be observed at all mobiles, making channel tracking more 
difficult. It may be belter to select a small carrier offset, 
such as 75Hz, at the cost of a IdB increase in required 
EJN 0 for 50km/h mobiles. 

The same procedure has been used to evaluate the 
switching rate (measured in number of switches per frame) 
for TSTD. The results for P e are shown in Fig. 2a and the 
corresponding EJN 0 results in Fig. 2b, In Fig. 2a, results 
are shown for both methods A and B, since they diverge at 
a switching rate of 32 times per frame. For a mobile speed 
of 5km/h, switching at four times per frame seems to be 
sufficient to optimise performance. For a mobile speed of 
50km/h, switching at 12-16 times per frame is required to 
achieve the lowest EJN 0 results. These curves also show 
that switching at too high a rate can be counterproductive. 
Fig. 2a shows that method B predicts a very significant per- 
formance loss for switching at 32 times per frame. How- 
ever, this seems to be a problem with the shortest path 
only, as method A shows a less marked increase in P e 
which is more in line with the simulation results in Fig. lb. 
The fact that performance degrades when switching is 
increased from 16 to 32 times per frame must be due to the 
channel covariance matrix //(/), defined in eqn. 7. It 
appears that increasing the switching rate introduces extra 
correlations into 7/(0, which adversely affects the diversity 
gain for the minimum Hamming distance paths in the 
Viterbi decoder. 
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— O— A, 5km/h - -O- - A, 50kra/h 

_ _ B t 5km/h X B, 50k m/h 

b Corresponding E^N 0 results from simulation 

5ktn/h 

50km/h 

The results for P e obtained for PSTD and TSTD may be 
compared with those for OTD and STTD. For a speed of 
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5km/h, OTD gives P e = 3.3 x lO 4 and STTD gives P e = 
3.5 x 1CT 4 ; for.50km/ru OTD gives = 1.5 x 10" 8 and for 
STTD, P e = 1.2 x 10~ 8 . These match ciosely the best values 
obtained for P e at both speeds for the PSTD and TSTD 
algorithms. Therefore these results suggest that all four 
algorithms will have similar performance. However, 
assumption (A6) neglects the specific structure of the con- 
volutional codes. STTD always doubles the order of diver- 
sity on aU codeword bits. PSTD, OTD and TSTD all 
provide extra diversity in the decoding process, so that 
these methods are sensitive to the specific code structure, 
which was neglected in assumption (A6). Therefore STTD 
can be expected to perform slightly better than PSTD, 
OTD or TSTD. 

In the STD method, the value of P e is difficult to obtain 
in closed form for nonzero f D . A simpler way to determine 
the optimum value of S r is to consider the channel's corre- 
lation in time. Specifically, the correlation between the fol- 
lowing two times is considered: the time of the mobile's 
measurement, and the time when the last coded bit is 
reached before the next antenna switch could be per- 
formed. The time period between two consecutive antenna 
switches is called a 'subframe\ Initially, no delay in feed- 
back process is assumed, so that the base station is 
informed immediately that the mobile makes a measure- 
ment. It can then instantly switch transmit antenna if 
required. This means that the correlation time period is 
then equal to one subframe. 

Ideally the correlation across one subframe should be 
unity, so that the channel has not changed at all. However, 
for a finite Doppler frequency f D , this requires S r to be infi- 
nite. In practice we must choose a compromise value of S r 
which is large enough to ensure that the subframe correla- 
tion is close to one without requiring excessive feedback on 
the uplink. Fig. 3 plots the correlation function for classical 
Doppler fading, with the switching rate axis (measured in 
switches/second) normalised by the Doppler frequency f D . 
The results show that correlations of 0.9 and 0.95 are 
achieved by SJf D - 10 and 14, respectively. These correla- 
tion values are sufficiently high to provide most of the per- 
formance gains available with unity correlation. If there is a 
delay in feeding back information about the channel, this 
will increase the required switching rate. For example, if 
there is a delay of one subframe between the mobile's 
measurement and the antenna switch, the correlation time 
period is doubled. This has the effect of doubling the 
required switching rate S r to achieve the same correlation 
as for the zero delay case. 
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F i g. 3 Correlation function for subframe with classical Doppler fading plotted 
against normalised switching rate S/f D 



i 

Fig. 4 shows EJNq results for STD method plotted 
against the switching rate S r per frame. Results are shown $ 
for the cases where the feedback path has a bit error ratio * 
(BER) of 0 or 0.1. Successive feedback path errors are 
modelled as independent Bernoulli random variables [22] 
with probability of success equal to the feedback path 
BER. When an error occurs, the base station selects the 
wrong antenna for transmission of the next subframe. 
Fig. 4b also includes results for the case where there is a 
one subframe delay in the feedback path. The mobile 
speeds of 5 and 50km/h correspond approximately to f D = 
8 and 80Hz, respectively. 
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FiQ.4 El/Nq resuJts for STD with a one-tap Ray lei gh fading channel and 
mobile speeds of 5 and 50km/li using a feedback path BER of 0 or 0.1 
a Resuhs wiih no feedback delay 

— h— 5km 5km (BER = 0.1) 

- -X- - 50km —Q 50km (BER = 0.1) 

b Equivalent results for ihe case of one subframe delay 

— I 5 km — □ 1 sub -frame delay, 50km 

_ _X- _ 50km - ■ □ - - 5km (BER = 0.1) 
+ I sub-frame delay, 5km O 50km (BER = 0.1) 

In Fig. 4a, setting S r = 4 switches per frame (i.e. 200 
switches/second, which is roughly 25f D ) for a mobile speed 
of 5km/h and uplink BER = 0 is sufficient to accrue most 
of the performance gain for STD. At a mobile speed of 
50km/h, setting S r = 16 (roughly \Of D ) appears to provide 
most of the benefit of STD. The results for BER = 0.1 
show that STD is relatively insensitive to errors on the 
feedback path. The typical increase in EJN 0 due to these 
errors is on the order of 0.5-0.75 dB. However, Fig. 4b 
shows that feedback delay has a significant effect on per- 
formance. The curves show that including feedback delay 
means that S r must be increased by 2.5-3 times to achieve 
the same EJN 0 for the zero delay case. For a mobile speed 
of 5km/h, S r must be increased to 12 to optimise perform- 
ance. For 50km/h mobiles with S r = 16, the EJN 0 increases 
by ldB with the delay included, and by 1.5dB when the 
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BER is set to 0. 1 as well. Increasing S r to 24 or 32 will 
improve EJN& but at the cost of increased signalling over- 
head on the uplink. 

42 Results for E^/Nq perforrncnce 
In this subsection, the two carriers for PSTD are offset by 
75 and 225Hz for mobile speeds of 5 and 50km/h, respec- 
tively. Antenna switching occurs 16 times per frame for 
TSTD. In the case of STD, the mobile feedback path oper- 
ates at 16 bits per frame, with no delay or feedback path 
error effects included. 

Initially, an L = 1 tap Rayleigh fading channel is consid- 
ered. Results are shown in Fig. 5a, plotting the FER 
a gainst the total received EJN 0 at the mobile. The results 
show that the pre-RAKE method performs best, achieving 
a gain of 8.5dB in EJN 0 for an FER of 1%, compared to 
the single antenna no diversity baseline (NDB). STD pro- 
vides a gain of 7dB in EJN& while the STTD method 
achieves about 5.5 dB gain in Et/N^ Finally the OTD, 
TSTD and PSTD methods all have similar performance, 
with a gain of 4-^.5dB in EJN& Fig. 5b shows the results 
for a L = 2 equal power tap Rayleigh fading channel. The 
TD algorithms perform in a similar way to theL = 1 case, 
but the gains are smaller because there is more diversity 
present in the channel. The pre-RAKE obtains a reduction 
in EJN 0 of about 6.5dB, relative to the NDB. The STD 
method achieves a gain of about 4.5dB in EJNo* while the 
other four methods achieve EJN 0 gains of about 3-3.5dB. 
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F i g. 5 Plots of FER against Ef/N 0 for a single transmit am auto ( NDB) and 

the five TD schemes 

The mobile speed is 5krn/h 

— O— NDB - • A- • TSTD 

— t— STTD STD 

--D-- OTD pre-RAKE 

X PSTD 

a One-tap Rayleigh fading channel 

b Two-cqual-power-iap Rayleigh fading channel 



The results in Fig. 6 show the required EJN 0 at the 
mobile to achieve \% FER. Four Rayleigh fading channels 
are considered: one-tap channel, two-tap channel with the 
second tap 8dB weaker than the first, two equal-power-tap 
channel, and three equal-power-tap channel. The results in 
Fig. 6a show that there is a diminution in diversity gain as 
the amount of inherent channel diversity increases. For 
example, the 7.5dB gain of STD over the NDB for the 
one-tap case reduces to roughly 3dB for a three equal- 
power-tap channel. However, the relative performance of 
the different TD schemes does not vary significantly with 
the channel number. The pre-RAKE scheme is always 3 
dB better than STTD, while STD is still about l-1.5dB 
better for the three equal-tap channel. 
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Fig. 6 Plots of required Ef/N 0 for 1% FER for the differeiu schemes for 
mobile speeds of 5 aitd 50km/l} 
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The results in Fig. 6fc consider a case where significantly 
more diversity is available to the receiver because of the fast 
mobile speed (50km/h). As might be expected, the improve- 
ments available from diversity gain are smaller in Fig. 6b 
than for Fig. 6a. For a one-tap channel, STD is now about 
4.5dB belter than the NDB; when a three-tap channel is 
considered, this reduces to only 2dB. In addition, when the 
effects of delay and uplink BER are included, as in Fig. 4b, 
STD may not perform much better than STTD or TSTD 
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for fast mobile speeds. The option of switching from STD 
to TSTD for fast mobiles only [19] will mean little perform- 
ance loss while removing the requirement for an uplink 
feedback path. Only the pre-RAKE method is able to pro- 
vide significant performance improvements, achieving a 
gain of 4dB even for the three-tap channel. 

Assessing the impact of TD on a CDMA network is a 
complicated process. Some initial observations can be made 
using the results of Fig. 6. If the majority of users are 
moving at 5km/h and observe a single-tap Rayleigh fading 
channel, their EylN 0 requirement can be reduced by 5.5dB 
using STTD for example. However, there is likely to be a 
mix of different user types, with different speeds and chan- 
nel conditions. Also, a significant proportion of users will 
be in sofi handoff, which ensures that they will obtain at 
least dual diversity. The exact proportion depends on the 
sofi-handoff threshold T add , which determines the signal-to- 
interferencc ratio that must be exceeded by a downlink 
pilot signal for soft handoff to occur. Simulation results 
presented in |3, 23] suggest that 40-60% of users should be 
in soft handoff to provide good cell coverage. For 5km/h 
mobiles, the average E^Nq of STTD is 3.8dB better than 
that for the NDB for the four channels in Fig. 6a. For 
50krn/h mobiles the average E { JN 0 is reduced by only 
1.8dB. Averaging both results gives an improvement of 
2.7dB. The improvement offered by STTD is strongly 
dependent on the diversity condition of mobiles in the 
network; the more diversity provided by the channel, the 
smaller the gain. 

The pre-RAKE method is in theory able to improve per- 
formance by 3dB relative to the STTD method in all cases. 
However, this assessment is too optimistic for practical 
implementations. First, the pre-RAKE method is best 
suited to slow moving mobiles, to minimise the coefficient 
update required on the uplink feedback path. Secondly, the 
transmit power will need to increase due to the requirement 
for each user to have a separate pilot signal. Again, the 
required increase in EJN 0 due to the pilot signal will be 
minimised when the mobile is moving slowly. 

Finally, iL is worthwhile to compare the DD and PSTD 
schemes directly, since they could both be used in existing 
IS-95 networks. In principle, DD has the same perform- 
ance as STTD. However, as noted in Section 3, the DD 
method destroys Walsh code orthogonality and the extra 
multiple access interference which will arise increases the 
required EJNq. Depending on the carrier offset f F% the 
PSTD scheme will require at least 0.5-ldB extra EJN 0 
when compared to DD/STTD. However, PSTD is likely to 
be preferred in practice, since it does not affect the orthog- 
onality of the Walsh code channels. Unlike DD, it also 
does not increase the number of multipath components 
that the mobile must track. 

4.3 Effects of Ridcn feeing on TD schemes 

Consider a case where the fading statistics are no longer 
Rayleigh, but follow a Rician distribution. This form of 
fading has an associated A'-facior which is equal to the 
power in the line-of-sight (sine wave) component divided 
by the total power of the specular (Rayleigh) components. 
Most of the techniques described still provide improved 
performance because the receiver observes two independent 
versions of a Rician distribution with the same /t-factor. 
Unfortunately, this does not apply in the case of PSTD, 
where the receiver observes the non-coherent sum of two 
Rician random variables with same /^-factor. The increase 
in A'-factor of the sum equals 10 logt l + cos where <j> is 
the phase shift between the two sine wave components. 



This has been plotted in Fig. la and shows that the K fac- 
tor increase varies from 3 to -©° dB. This effect means that 
the performance benefit of using PSTD will not be as much 
for high K factor channels as for Rayleigh fading environ- 
ments. 
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Fig. 7 K-factor and Ef/N fl for PSTD 

a Increase in A'- fact or as a function of the relative phase between the two sine wave 
components 

b E^/Nq for PSTD, with a one-tap channel and an actual mobile speed of 5km/h 
against PSTD carrier offset f D . The A'-f actor varies from O-l 6dB and straight lines 
show the equivalent NDB results 
PSTD: 

— O— A' = OdB - -X- - AT = l2dB 

+ A' = 4dB - -A- - K = 16 dB 

- • ■ A* = 8dB 

Fig. lb shows EJNo results for PSTD as a function of 
the carrier offset//, for /^-factors of 0-16dB. There is a one- 
tap channel and the mobile speed is 5km/h for this case. 
Straight lines show the EJNq results for the NDB where 
PSTD is not applied. For low /^-factor values, such as OdB, 
PSTD still provides significant performance improvements 
over the NDB. Even when K = 16dB, using PSTD achieves 
almost the same EJN 0 results as the NDB. The optimum 
carrier offset f P is seen to reduce with increasing /C-factor; 
when K is large the behaviour of the sine w:ive components 
dominates. Both components have the same Doppler fre- 
quency 0.7/s, so that for K - 16dB setting f P ~ 50Hz 
becomes sufficient to optimise the gain of PSTD, while an 
offset of around 75Hz is required for K = OdB. 

4.4 E ffects of fes t power control 

Until now, the transmitter power has been fixed, and the 
effects of downlink power control have not been consid- 
ered. Fast downlink power control has been proposed for 
third generation CDMA systems ([101 P- 49), so that the 
traffic channel amplitude A , may adapt rapidly to channel 
conditions. Downlink fast power control has been analysed 
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in [24] and is likely to operate in a similar manner to that 
used on the uplink of existing IS-95 systems. Fast uplink 
power control has been been discussed in a number of 
papers, for example [25, 261 It seems reasonable to apply 
the results obtained there to the downlink case as well. [25] 
specifies two major performance characteristics 

(i) For very slow mobile speeds, where the maximum Dop- 
pler rate is much smaller than the power control update 
rate, shadowing and Rayleigh fading effects can be per- 
fectly equalised. Ignoring the shadow margin, the required 
EJN 0 at the receiver is essentially that for an additive white 
Gaussian noise channel (2.5dB for 1% FER). However, the 
transmit power can fluctuate significantly, as the base sta- 
lion-tries-io-compensate-for Rayleigh fading. Consider a 
downlink fading channel which is defined so that using 
transmit power B dB leads to a mean EJNq at the mobile 
of B dB. For Lth-order diversity, the mean transmit power 
and standard deviation o> can be obtained from [25] and 
the Appendix 

E[Pr] = I l PL{v)dy = { ?BL)/(L - 1) L > 1 

0 

a P = \/E[P£]-E[Pr] 2 

_ foe L= 1 ? 2 

" \{BL)/((L-2) 1 '*{L-1)) L>2 

(9) 

The notation p L (y) denotes the probability density function 
(PDF) of the fading: with Lthorder diversity it is that for 
an order 2L chi-squared distribution. Clearly, at least dual 
diversity is required to avoid a requirement for infinite 
mean power. Also, L must be greater than two to avoid an 
infinite standard deviation a P . In practice there will be a 
finite limit on the maximum transmit power. The Appendix 
provides the required results for E\P T ] and a P for this case. 
As an example, Table 1 presents results for the transmit 
power statistics E[P r ] and a P with the NDB and STTD 
schemes for 1-3 tap Rayleigh fading channels. The results 
have been obtained by setting the maximum transmit 
power at 20dB above the set point £, so that the threshold 
T - -20dB. These results show that using STTD provides a 
significant reduction in the mean power of 4.5dB in the 
one-tap case. The improvement in mean power is some- 
what smaller for two- and three-tap channels. However, the 
standard deviation a P is reduced by 4-6dB when STTD is 
applied in all three cases. 

Tefal e 1: Results for PT with fast power control, with and 
without STTD scheme applied 
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It is shown in [24] that the standard deviation of P T will 
also affect downlink CDMA capacity. This is because the 
downlink capacity is usually specified in terms of the 
required transmitter power exceeding that available for a 
small percentage of the time (e.g. 2% [24]). It is apparent 
from the results of Table 1 that using STTD, particularly 



for the one-tap case, will improve system capacity by 
reducing both the mean and standard deviation of the 
required transmit power. Ideal equalisation of Rayleigh 
fading is unlikely to be obtained when either PSTD or 
TSTD is used. Both algorithms will generate a rapidly 
changing channel at the mobile, even when the channel 
Doppler frequency f D is zero. The fast power control algo- 
rithm has to track a much more rapidly changing channel 
than would be the case for STTD or OTD, for example. 
This will lead to a significantly higher EJNq requirement 
for PSTD and TSTD than for other TD schemes. A worst- 
case analysis is obtained by assuming that the Rayleigh 
fading is now not equalised at all, so that i\\tEJN 0 results 
in Fig. 6a for TSTD and PSTD apply unchanged to this 
scenario. 

(ii) For fast mobile speeds, e.g. where the Doppler frequency 
is within an order of magnitude of the power control 
update, the Rayleigh fading cannot be equalised. In this 
case, the mobile's EJN 0 requirement is essentially that for 
the Rayleigh fading case, as covered in Section 4.2. An 
error term arises as the transmitter power level tracks the 
shadowing dynamics, which is roughly log-normally dis- 
tributed. This results again in a positive value for P r , 
though this time it is due to the error in tracking shadow- 
ing rather than for tracking Rayleigh fading. Simulation 
results for the standard deviation a for different diversity 
conditions and mobile speeds may be found in [25, 261 
Again, the use of STTD to increase the order of diversity 
will significantly reduce or, especially forL = 1 tap (see Fig. 
5 of [26]). 

5 Algorithm summery and conclusions 

This paper has compared the performance of a number of 
transmit diversity schemes to assess the advantages and dis- 
advantages of each. The STTD scheme provides the best 
performance of all the techniques which employ no mobile 
feedback. It provides full dual diversity gain for all coded 
bits and is compatible with fast power control. If mobile 
feedback is permitted, the STD and pre-RAKE methods 
can provide better performance than STTD. However, 
both techniques are best suited to slowly moving mobiles, 
in order to minimise the feedback data rate on the uplink. 
For Rayleigh fading channels, OTD and PSTD are about 
0.5-1 dB poorer in EJN 0 performance than STTD. The 
PSTD scheme could in principle be applied to existing 
IS-95 systems without altering the mobile receiver structure/ 
It could thus be seen as an attractive option for retrofitting 
transmit diversity capability to IS-95 base stations for little 
additional cost and complexity. 
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8 Appencfix: Finite trcnsmit power ooncf tion for 
fast power control 

The EJN 0 performance of fast power control under the 
condition that the transmit power P T is limited is consid- 
ered. The noise variance at the receiver is unity, and the 
channel power X is modelled as having a PDF p(X) with 
unit mean power. The transmitter will then attempt to 
ensure that the mobile's received EJN 0 , denoted as P R , is 
equal to some target B at all times. The transmitter oper- 
ates according to the following rule: 

(B/X iiX>T 
T ~~ \B/T if A" <T 

where T represents the maximum power threshold. This 
means that the maximum transmit power is limited and 
that the target power B is attained at the receiver only 



when X > T. If X < 7\ the transmitter is unable to provide ' 
sufficient power to overcome the fading and the received \ 
signal power will be smaller than the target B. 

Assume that the frame error ratio function F{P R ) is 
known. The FER for any specified value of T Ls then given 
by 



FER 



= (Jp{v)dyj F(B) + J p{y)F{By/T)dy 



This function can be evaluated to determine the required 
value of B to obtain the target FER, which is 1%. The 
associated mean transmit power is given by 

E[J¥1 = ]*P(y)<ly + f P(y)dy 

If the fading follows a chi-square distribution of order 2L 
with unit mean power, p(y) is 

The standard deviation of P T is also of importance. It may 
be found by evaluating the mean square of P T as follows: 

B B 1 * p(y)dy | 



T 2 



T \0 

The standard deviation Ls then obtained as 



op = j{E[P*} - E[P T p) 



If T is permitted to reduce to zero so that infinite transmit- 
ter power is possible, the mean square of P T becomes 

B 2 L' 2 



)(L - 2) 



Using the result for E[P T ] from the first line of eqri. 9, the 
standard deviation a P is then found to be 



op 



' B' 2 L- ( BL V 

(L-l)(L-2) \L-l) 



{OG 
(BL)/{{L-2)i/HL 



D) 



L=l,2 
L > 2 



This equation shows that increasing L also reduces the 
standard deviation a P . As an example consider the L - 1 
tap Rayieigh fading case. Table 2 presents results for dif- 
ferent values T. The minimum value of the mean transmit 
power occurs when the maximum allowed transmit power 
is 20dB above the mean (so T = -20dB), where E[P T ] = 
9.9dB. AsT->^o dB, E[P T ] -> ~> dB. 

Tctole 2: Results for mecn end stenderd deviction for 
required trcnsmit power P T plotted cgei nst T end B 
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